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About the Cover

At Sheep Mountain, the bones of the Earth lay bare. As displayed in the cover photograph by well-known
photographer Michael Collier, vegetation is scant in the Bighorn Basin of north-central Wyoming, and
impressive geologic features, such as huge mountain-sized folds in the rocks, are impossible to miss. The
basin’s sedimentary layers were originally laid down in regionally extensive, horizontal sheets, starting
in the Mississippian Period and continuing until well into the Cretaceous Period — that is, from 350
to about 100 million years ago. Later, east-directed tectonic compression from 80 to 45 million years
ago squeezed the basin until the layers buckled upward into a gigantic fold called an anticline. Upward
warping to form the fold was followed by weathering and erosion, which stripped off parts of the folded
layers, beautifully exposing the geometry of the fold. The folding ended tens of millions of years ago,
but the weathering and erosion continue today, so the spectacular geologic scene is like one frame of a
movie spanning tens of millions of years. From an aerial perspective, it’s easier to see that rocks in the
middle of the anticline started out near the bottom of the stack and are therefore the oldest. In this spe-
cial place, nature provided a wonderful expression of the events recorded in deposition of a sequence of
layers, the subsequent folding of the layers, and more recent weathering and erosion that shaped the final
scene.

Michael Collier received his BS in geology at Northern Arizona University, MS in structural geology
at Stanford, and MD from the University of Arizona. He rowed boats commercially in Grand Canyon
in the *70s and ’80s, then practiced family medicine in northern Arizona. Collier has published books
about the geology of Grand Canyon, Death Valley, Denali, and Capitol Reef National Park. He has
authored books on the Colorado River basin, glaciers of Alaska, and climate change in Alaska, as well
as a three-book series on American mountains, rivers, and coastlines. As a special projects writer with
the USGS, he produced books about the San Andreas Fault, the downstream effects of dams, and climate
change. Collier’s photography has been recognized with awards from the USGS, the National Park
Service, the American Geosciences Institute, and the National Science Teachers Association.
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PREFACE

TELLING THE STORY ...

WE WROTE EXPLORING GEOLOGY SO THAT STUDENTS
could learn from the book on their own, freeing up instructors to teach
the class in any way they want. I (Steve Reynolds) first identified the
need for this book while I was a National Association of Geoscience
Teachers’ (NAGT) distinguished speaker. As part of my NAGT activi-
ties, I traveled around the country conducting workshops on how to
infuse active learning and scientific inquiry into introductory college
geology courses, including those with upwards of 200 students. In the
first part of the workshop, I asked the faculty participants to list the
main goals of an introductory geology college course, especially for
nonmajors. At every school I visited, the main goals were similar and
are consistent with the conclusions of the National Research Council
(see box below):

« to engage students in the process of scientific inquiry so that they
learn what science is and how it is conducted,

« to teach students how to observe and interpret landscapes and
other aspects of their surroundings,

« to enable students to learn and apply important geologic
concepts,

« to help students understand the relevance of geology to their
lives, and

« to enable students to use their new knowledge, skills, and ways
of thinking to become more informed citizens.

I then asked faculty members to rank these goals and estimate how much
time they spent on each goal in class. At this point, many instructors rec-
ognized that their activities in class were not consistent with their own
goals. Most instructors were spending nearly all of class time teaching
content. Although this was one of their main goals, it commonly was
not their top goal.

Next, I asked instructors to think about why their activities were not con-
sistent with their goals. Inevitably, the answer was that most instructors

N RC The National Research Council

NATIONAL COMMITTEE ON SCIENCE
EDUCATION STANDARDS AND ASSESSMENT,
NATIONAL RESEARCH COUNCIL

LEARNING SCIENCE IS AN ACTIVE PROCESS.

Learning science is something students do, not something that is
done to them. In learning science, students describe objects and
events, ask questions, acquire knowledge, construct explanations of
natural phenomena, test those explanations in many different ways,
and communicate their ideas to others. Science teaching must involve
students in inquiry-oriented investigations in which they interact
with their teachers and peers.
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Like most geologists, author Steve Reynolds prefers teaching students
out in the field, where they can directly observe the geology and
reconstruct the sequence of geologic events.

spend nearly all of class time covering content because (1) textbooks
include so much material that students have difficulty distinguishing
what is important from what is not; (2) instructors needed to lecture so
that students would know what is important; and (3) many students have
difficulty learning independently from the textbook.

In most cases, textbooks drive the curriculum, so the author team
decided that we should write a textbook that (1) contains only impor-
tant material, (2) indicates clearly to the student what is important and
what they need to know, and (3) is designed and written in such a way
that students can learn from the book on their own. This type of book
would give instructors freedom to teach in a way that is more consistent
with their goals, including using local examples to illustrate geologic
concepts and their relevance. Instructors would also be able to spend
more class time teaching students to observe and interpret geology, and
to participate in the process of scientific inquiry, which represents the
top goal for many instructors.

COGNITIVE AND SCIENCE-
EDUCATION RESEARCH

To design a book that supports instructor goals, we delved into cognitive
and science-education research, especially research on how our brains
process different types of information, what obstacles limit student learn-
ing from textbooks, and how students use visuals versus text while study-
ing. We also conducted our own research on how students interact with
textbooks, what students see when they observe photographs showing
geologic features, and how they interpret different types of geologic illus-
trations, including geologic maps and cross sections. Exploring Geology
is the result of our literature search and of our own science-education
research. As you examine Exploring Geology, you will notice that it is
stylistically different from most other textbooks, which will likely elicit
a few questions.



HOW DOES THIS BOOK SUPPORT STUDENT CURIOSITY AND INQUIRY?

CHAPTER

15 Weathering, Soil, and

location of Venezuela on the northern coast of South America determine whether a slope is stable
types of downhill movement?

e -
< 3
gi«p-"é
/ AR
Landslide Scars

Caribbean Sea

‘Alluvial Fan

the center of town
What are some potentiol hazards of living next to steep moun-
tain slopes, especially in a city built on an active alluvial fan? How can Joss of life and destruction

246

* -
TOPICS IN THIS CHAPTER
l nstable Slopes 15.1  What Physical Processes Affect 15.9  Why Is Soil Important to Society? 464
Earth Materials Near the Surface? 448 15.10 What Controls the Stability of Slopes? 466
SLOPES CAN BE UNSTABLE, leading to slope failures that can produce ic landslides or mudslides involv- i e 2 Chinle) Fezeeses M 1511 How Do Slopes Fail? 468
N . Lo : § v Earth Materials Near the Surface? 450 .
ing thick slurries of mud and debris. Such events have killed tens of thousands of people at once and destroyed houses, 15.12 How Does Material on Slopes Fall and Slide? 470
° - . . P 153 How Does the Type of Earth Material .
bridges, and large parts of cities. Where does this dangerous, loose material come from, what factors determine if a Influence Weathering? 452 15.13 How Does Material Flow Down Slopes? 472
slope is stable, and how do slopes fail? In this chapter, we explore slope stability and the origin of soil, one of our 154 How Do Climate, Slope, Vegetation, and Time 15.14 Where Do Slope Failures Occur in the U.S.? 474
most important resources. Influence Weathering? 454 15.15 How Do We Study Slope Failures and
2
) 155 How Is Weathering Expressed? o5 Assess the Risk for Future Events? 476
The Cordillera de la Costa is a steep 2 km-high mountain In December 1999, torrential rains in the mountains caused landslides and 15.16 CONNECTIONS: What Is Happening with
range that runs along the coast of Venezuela, separating the mobilized soil and other loose material as turbulent, flowing masses of 15.6  How Do Caves Form? 458 2
the Slumgullion Landslide in Colorado: 478
capital city of Caracas from the sea. This image, looking south, muddy debris (flash floods) that buried parts of the coastal cities. Some 15.7 What Is Karst Topography? 460
has topography overlain with a satellite image taken in 2000. light-colored landslide scars are visible on the hillsides in this image. 158 How Does Soil Form? 462 15.17" INVESTIGATION: Which Areas Have
The white areas are clouds and the purple areas are cities. The the Highest Risk of Slope Failure? 480
Caribbean Sea is in the foreground. The map below shows the How does soil and other loose material form on hillslopes? What factors L J

The mountain slopes are too steep for buildings, so people The city of Caraballeda, built on one such alluvial fan, was especially
built the coastal cities on the less steep fan-shaped areas at the hard hit in 1999 by debris flows and flash floods that tore a swath of < This aerial photograph of
foot of each valley. These flatter areas are alluvial fans com- destruction through the town. Landslides, debris flows, and flooding Caraballeda, looking south
posed of mountain-derived sediment that has been transported killed more than 19,000 people and caused up to $30 billion in damage up the canyon, shows the
down the canyons and deposited along the mountain front. in the region. The damage is visible as the light-colored strip through damage in the center of the

landslides be avoided or at least minimized?

or is prone to landslides and other
Huge boulders smashed through the lower two floors of this

building in Caraballeda (v) and ripped away part of the right side. 1999 Venezuelan Disaster

The mud and water that transported these boulders is no longer
present, but the boiders remain as a testament to the event. debris flow is a rbulent slurry of water
Aand debris, including mud. sand, gravel,
pebbles, boulders, vegetation, and even

cars and small buildings. Debris flows can move at
speeds up to 16 m/s (36 mph). In December 1999,
two storms dumped as much as 1.1 m (42 in.) of
rain on the coastal mountains of Venezuela. The rain
loosened soil on the steep hillsides, causing many
landslides and debris flows that coalesced in the
steep canyons and raced downhill toward the cities
built on the alluvial fans.

In Caraballeda, the debris flows carried boulders
up to 10 m (33 1) in diameter and weighing 300 to
400 tons each. The debris flows and flash floods
raced across the city, flattening cars and smashing
houses, buildings, and bridges. They left behind a
jumble of boulders and other debris along the path
of destruction through the city.

After the event, USGS geologists went into the
area to investigate what had happened and why.
They documented the types of material that were
carried by the debris flows, mapped the extent of

the flows, and measured boulders (v) o investigate
processes that occurred during the event. When the
CT G geologists examined what lay beneath the founda-
tions of destroyed houses, they discovered that much
of the city had been built on older debris flows.
These deposits should have provided a warning of
what was to come.

Caraballeda

city caused by the debris
flows and flash floods
of property by debris flows and

Exploring Geology promotes inquiry and science
as an active process. It encourages student curiosity
and aims to activate existing student knowledge by
posing the title of every two-page spread and every
subsection as a question. In addition, questions are
dispersed throughout the book. Integrated into the
book are opportunities for students to observe pat-
terns, features, and examples before the underly-
ing concepts are explained. That is, we employ a
learning-cycle approach where student exploration
precedes the introduction of geologic terms and the
application of knowledge to a new situation. For
example, chapter 15 on slope stability begins with
a three-dimensional image of northern Venezuela,
and readers are asked to observe where people are
living in this area and what geologic processes
might have formed these sites.

Inquire

“Exploring Geology is a seminal textbook for the new century, created by a unique team
of authors who have synergistically merged their expertise in geology and geoscience
teaching, cognitive science, and the graphic arts. The design of the book has been richly
informed by current research on how students best learn geoscience, and what topics are
essential and relevant. Each chapter is designed as a sequence of two-page inquiry mod-
ules; each module focuses on a specific topic, opens with an engaging question, and inte-
grates clear, jargon-free explanations with generous, precisely detailed illustrations. In
conventional textbooks, figures are often subordinate to columns and columns of type; in
Exploring Geology, text and illustrations are mutually embedded in a topical mosaic. At
the close of each chapter, a real-world application of the subject matter and an investiga-
tive exercise complete the learning cycle. This book is an innovative, accessible resource
that fosters understanding through authentic geological inquiry and visualization, rather
than dense exposition.”

Steven Semken
School of Earth and Space Exploration, Arizona State University
Past President, National Association of Geoscience Teachers
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WHY ARE THE PAGES DOMINATED BY ILLUSTRATIONS?

Geology is an extremely visual science. Typically, geology textbooks
contain a variety of photographs, maps, cross sections, block diagrams,
and other types of illustrations. These diagrams help portray the distri-
bution and geometry of geologic units on the surface and in the subsur-
face in a way words could never do. In geology, a picture really is worth
a thousand words or more.

Engage

“Finally, there is an introductory geology textbook that was
designed around how modern college students learn! Reynolds and
company paid attention to the research on learning and have pro-
duced a text that matches how I teach. My students study and dis-
cuss images in class and then in their textbook. This book is built
around the illustrations—information-rich, graphically interesting
figures that engage most students better than the best-written nar-
rative could. From the spectacular opening spreads to the Connec-
tions and Investigations, Exploring Geology provides a full course
worth of interesting learning opportunities for use in the classroom
and as homework.”

Scott R. Linneman
Western Washington University
Past President, National Association of Geoscience Teachers

Exploring Geology contains a wealth of figures to take advantage of the
visual nature of geology and the efficiency of figures in conveying geo-
logic information. This book contains few large blocks of text, and most
text is in smaller blocks that are specifically linked with illustrations. An
example of our integrated figure-text approach is shown on the previous
page and on the next page. In this approach, each short block of text
is one or more complete sentences that succinctly describe a geologic
feature, geologic process, or both of these. Most of these text blocks are
connected to their illustrations with leader lines so that readers know
exactly which feature or part of the diagram is being referenced by the
text block. A reader does not have to search for the part of the figure
that corresponds to a text passage, as occurs when a student reads a tra-
ditional textbook with large blocks of text referencing a figure that may
appear on a different page.

The approach in Exploring Geology is consistent with the findings
of cognitive scientists, who conclude that our minds have two dif-
ferent processing systems, one for processing pictorial informa-
tion (images) and one for processing verbal information (speech and
written words), as illustrated below. Images enter our consciousness
through our eyes, and text can enter either through our eyes, such as
when we read, or through our ears, as occurs during a lecture. Research
into learning and cognition shows that having text enter via our ears,
while our eyes examine an image, is among the best ways to learn.

New experiences from the environment enter the
brain via the senses. Images, for example, come in
through the eyes, and sounds enter the ears.

Input from the senses is filtered and transferred into two
different types of working memory, a visual area for
images and a phonetic area for words. Each
type of working memory has a very limited
capacity to hold new information.

Information from working memory is
processed further and transferred

into long-term memory. Ideally, new
information is linked to existing
knowledge in long-term memory to
build a more complete understanding.

When information from long-term
memory is needed, it is retrieved into
working memory, where it can be pro-
cessed to make decisions.
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Cognitive scientists also speak about two
types of memory: working memory holds
information and actively processes it,
whereas long-term memory stores infor-
mation until we need it (Baddeley, 2007).
Both the verbal and pictorial processing
systems have a limited amount of work-
ing memory, and our minds have to use
much of our mental processing space to
reconcile the two types of information
in working memory. For information
that has both pictorial and verbal com-
ponents, as most geoscience information
does, the amount of knowledge we retain
depends on reconciling these two types
of information, on transferring informa-
tion from working memory to long-term
memory, and on linking the new informa-
tion with our existing mental framework.
For this reason, this book integrates text
and figures, as in the example shown
here.

What Happens at Divergent Boundaries?

AT MID-OCEAN RIDGES, Earth’s tectonic plates diverge (move apart). Ridges are the sites of many small to moderate-
sized earthquakes and much submarine volcanism. On the continents, divergent motion can split a continent into two pieces,
commonly forming a new ocean basin as the pieces move apart.

What Happens at Mid-Ocean Ridges?

Mid-ocean ridges are divergent plate boundaries where new oceanic lithosphere forms as two oceanic plates move apart.
These boundaries are also called spreading centers because of the way the plates spread apart.

1. A narrow trough, of rift, runs along the axis of most mid-ocean ridges. 3. Much of the magma solidifies at depth, but some erupts onto
The rift forms because large blocks of crust slip down as spreading the seafloor, forming submarine lava flows. These eruptions create
occurs. The divergence and movement of fault blocks causes faulting, new ocean crust that s incorporated into the oceanic plates
resulting in frequent small to moderate-sized earthquakes as they move apart

2. As the plates move
apart, solid mantle in
the asthenosphere rises
toward the surface. It
partially melts in
response to a decrease
in pressure. The molten
rock (magma) rises
along narrow conduits,
accumulates in magma
chambers beneath the
rift, and eventually
becomes part of the
oceanic lithosphere

4. Mid-ocean ridges are elevated above
the surrounding seafloor because they con-
sist of hotter, less dense materials, including
magma. They also are higher because the
underlying lithosphere s thinner beneath
ridges than beneath typical seafloor. Lower
density materials and thin lithosphere mean
that the plate *floats” higher above the
underlying asthenosphere. The elevation of
the seafloor decreases away from the ridge
because the rock cools and contracts, and
because the less dense asthenosphere
cools enough to become part of the more
dense lithosphere.

WHY ARE THERE SO MANY FIGURE

This textbook contains more than 2,500
illustrations, which is two to three times
the number in most introductory geology
textbooks. One reason for this is that the
book is designed to provide a concrete
example of each rock type, environment,
or geologic feature being illustrated.
Research shows that many college stu-
dents require concrete examples before
they can begin to build abstract concepts
(Lawson, 2003). Also, many students
have limited travel experience, so photo-
graphs and other figures allow them to
observe places, environments, and pro-
cesses they have not been able to observe
firsthand. The inclusion of an illustration
for each text block reinforces the notion
that the point being discussed is impor-
tant. In many cases, as in the example on

Visualize

“This is it! This is a book that my students can use to learn, not just ‘do the reading.” The focus on
questions on every page draws students in, and the immediacy of the illustration and text focused
on each question makes it almost impossible for students not to want to plunge in to find out how
each question is answered. And the centrality of high-quality illustrations, rather than exhaustive
text, is a key component for helping students learn once they are engaged. Geoscience is a visual
science, and this approach helps students visualize geologic processes in the real world, truly
learning rather than simply preparing to parrot back definitions. Do I worry that this book isn’t
packed with text? Not in the slightest! With examples, real-world data, and research results easily
accessible on the Internet, I don’t want or need an introductory textbook that tries to be encyclo-
pedic. I want a book that engages students, captures their imaginations, and helps them learn. This
is the book!”

Barbara J. Tewksbury

Hamilton College

Past President, American Geological Institute

Past President, National Association of Geoscience Teachers
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What Sedimentary Environments
Are Near Shorelines and in Oceans?

OCEANS AND THEIR SHORELINES are dynamic environments with wind, waves, and ocean currents transporting
sediment eroded from the coastline or brought in from elsewhere. The ct istics of each envi , especially
the types of sediment, depend mostly on the proximity to shore, the availability of sediment, and the depth, temperature,
and clarity of the water. Examine the large figure below and try to envision what you would expect in each setting,
including the type of sediment that would occur there.

0702.02 Cormel, CA

1. Beaches are stretches of coastiine along which sediment has accu-
mulated (). Most beaches consist of sand, pieces of shells, and
rounded gravel, cobbles, or boulders. The setting determines which of
these components is most abundant. Some shorelines have bedrock
all the way to the ocean and so have little or no beach. Wide, sandy
beaches are more inviting as places to relax and play.

2. The water near the

shoreline may be shel-
tered by offshore reefs or
islands. The sheltered

water, called a lagoon (4,

is commonly shallow, calm,

B and perhaps warm. The
near-shore parts of lagoons
contain sand, mud, and
stones derived from land,
whereas the outer parts may
have sand and pieces of
coral eroded from a reef.

3. Where ocean water is
shallow, warm, and clear,
coral and other marine
creatures construct reefs
(@), which can parallel the
coast, encircle islands, or
form irregular mounds and
platforms. Reefs typically
protect the shoreline from
the energetic, big waves

& of the deeper ocean.

Continental Slope.

4. Away from the shoreline, many landmasses are
flanked by continental shelves and slopes consisting
of layers of mud, sand, and carbonate minerals.
Material from these sites can move down the slope
in landslides or in turbulent, flowing masses of sand,
mud, and water called turbidity currents. The slopes
of some continents are incised by branching
submarine canyons (not shown here) that funnel
sediment toward deeper waters.

5. The deep part of the seafloor is a dark, cold
environment that commonly is several kilometers beneath
the surface. It generally receives less sediment than areas

closer to land, and its sediment is dominated by fine, windblown

dust and by remains of mostly single-celled marine organisms.

| 6. Sandy dunes that are

inland from beaches are
called coastal dunes (4)
These dunes commonly form
where sand and finer sedi-
ment from the beach are
blown or washed inland and
reshaped by the wind. When
strong winds blow onto land,
sand can move from the
beach to the dunes, and sand
can move back toward the
beach when winds blow
toward the sea or lake.

Before You Leave This Page

Sketch and describe the main sedimentary

in oceanic and

Sedimentary Environments and Rocks 175

070206 Oympic Peninsulc, WA
7. Some shorelines
include low areas,
called tidal flats (¥),
that are flooded by
the seas during
high tide but
exposed to the air
during low tide.
Most tidal flats are
covered by mud
and sand or are
rocky. Some low
parts of the land
adjacent to tidal
flats can accumu-
late salt and other

evaporite minerals as seawater and terrestrial (on-land) waters
evaporate under hot, arid (dry) conditions.

0702.07 Mississi

8. In addition to the parts of deltas overlapping the shore,
submarine deltas extend in some places for tens of kilometers
offshore (a). The muddy or sandy front of the defta may be
unstable, and material can slide or tumble down the slope,
sending sediment into deeper water.

9. Other accumulations of sand rise above the shallow coastal
waters as long, narrow islands, called barrier isiands. Most
barrier islands, such as the one below, are only hundreds of
meters wide. The areas between barrier islands and the shore-
line are commonly shallow lagoons or saltwater marshes (v)

0702.08 Sans

this page, conceptualized figures are integrated with photographs and text
so that students can build a more coherent view of the environment or
process.

Exploring Geology focuses on the most important geologic concepts and
makes a deliberate attempt to eliminate text that is not essential for student
learning of these concepts. Inclusion of information that is not essential
tends to distract and confuse students rather than illuminate the concept;
thus you will see fewer words. Cognitive and science-education research
has identified a redundancy effect, where information that restates and
expands upon a more succinct description actually results in a decrease in
student learning (Mayer, 2001). Specifically, students learn less if a long
figure caption restates information contained elsewhere on the page, such
as in a long block of text that is detached from the figure. We avoid the
redundancy effect by including only text that is integrated with the figure.

The style of illustrations in Exploring Geology was designed to be more
inviting to today’s visually oriented students who are used to photo-
realistic, computer-rendered images in movies, videos, and computer
games. For this reason, many of the figures were created by world-class
artists who have worked on Hollywood movies, on television shows, for
National Geographic, and in the computer-graphics industry. In most
cases, the figures incorporate real data, such as satellite images and
aerial photographs. Our own research shows that many students do not
understand geologic cross sections and other subsurface diagrams, so
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nearly every cross section in this book has a three-dimensional aspect,
and many maps are presented in a perspective view with topography.
Research findings by us and other researchers (Roth and Bowen, 1999)
indicate that including people and human-related items on photographs
and figures attracts undue attention, thereby distracting students from
the geologic features being illustrated. As a result, our photographs have
nondistracting indicators of scale, like dull coins and plain marking pens.
Figures and photographs do not include people or human-related items
unless (1) we are trying to illustrate how geoscientists study geologic
processes and features, (2) illustrate the relevance of the processes on
humans, or (3) help students appreciate that geoscience can be done
by diverse types of people, potentially including them, as depicted in
our photographs.

.
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HOW ARE GEOLOGIC TERMS INTRODUCED IN THIS BOOK?

Wherever possible, we introduce terms after students have an opportu-
nity to observe the feature or concept that is being named. This approach
is consistent with several educational philosophies, including a learning
cycle and just-in-time teaching. Research on learning cycles shows that
students are more likely to retain a term if they already have a mental
image of the thing being named (Lawson, 2003). For example, this book
presents students with the collection of igneous rocks shown to the right
and asks them to think about how they would classify the rocks. Only
then does the textbook present a classification of igneous rocks.

Also, the figure-based approach in this book allows terms to be intro-
duced in their context rather than as a definition that is detached from a
visual representation of the term. In this book, we introduce new terms
in italics rather than in boldface because boldfaced terms on a textbook
page cause students to immediately focus mostly on the terms, rather
than build an understanding of the concepts. The book includes a glos-
sary for those students who wish to look up the definition of a term to

refresh their memory. To expand comprehension of the definition, each
entry in the glossary references the page where the term is defined in
the context of a figure.

WHY DOES THE BOOK CONSIST OF TWO-PAGE SPREADS?

This book consists of two-page spreads, most of which are further sub-
divided into sections. Research has shown that because of our limited
amount of working memory, much new information is lost if it is not
incorporated into long-term memory. Many students keep reading and
highlighting their way through a textbook without stopping to integrate
the new information into their mental framework. New information
simply displaces existing information in working memory before it is

learned and retained. This concept of cognitive load (Sweller, 1994)
has profound implications for student learning during lectures and while
reading textbooks. Two-page spreads and sections help prevent cogni-
tive overload by providing natural breaks that allow students to stop and
consolidate the new information before moving on.

h How Do Volcanic Domes Form?

MANY VOLCANIC AREAS CONTAIN DOME-SHAPED HILLS called volcanic domes. The domes form when
viscous lava mounds up above and around a vent. When domes collapse, they sometimes release deadly pyroclastic
flows that rush downhill at hundreds of kilometers an hour. Volcanic domes form distinctive rocks and features in the
landscape. Volcanic domes can be associated with subduction zones, either in an island arc or above a subduction
zone beneath a continent, or in association with continental rifts and hot spots.

What Are Some Characteristics of a Volcanic Dome?
Some volcanc domes have a nearly symmetical dome shape, but most have & more irrgular shape because some prts
of the do 1 more than other parts o because one side of the dome has colapsed downhill, Domes may be

@ How Are Volcanic Domes Formed and Destroyed?
Domes form as v
srow in two diff
ways—callapse o

aches the surface, flows a short distance, and solidifies near the vent. Domes can
rom the inside or from the outside. Domes can also be destroyed in two different

Growth of a Dome Collapse or Destruction of a Dome

XXl

What Types of Rocks and Landscapes Characterize Domes?
Maost voleanic domes consist of andesie, thyolite, or rocks with a composition betwcen andesite and rhyolitc. Domes
are distincive features when they form and harden, and even after they have been partialy eroded. They consist of
soldifid lava that has several diffrent textures, and typically they are associated with pyroclastic rocks and other
debris that formed when the dome partially collapsed or was blown apart

RockcTypes : — volcanic dome.

Before You Leave This Page

Describe the characteristics of a

Explain or sketch the two ways by
which a volcanic dome can grow.

Explain or sketch how a volcanic
dome can collapse or be destroyed
by an explosion.

i Describe the types of rocks
] associated with volcanic domes.

Describe how you might recognize
a volcanic dome in the landscape.

Before You Leave This Page

Describe the characteristics of
Volcanic dome.

Explan or sketch he two ways by
whieh a volcanc dome can grow.
o be destioyed




Each spread has a unique number, such as 6.9 for the 9th topical two-
page spread in chapter 6 (see previous page). These numbers help
instructors and students keep track of where they are and what is being
covered. Each two-page spread, except for those that begin and end a
chapter, contains a Before You Leave This Page checklist that indicates
what is important and what is expected of students before they move on.
This list contains learning objectives for the spread and provides a clear
way for the instructor to indicate to the student what is important. The
items on these lists are compiled into a master What-to-Know list.

SIGNIFICANT ADVANTAGES OFFERED
BY EXPLORING GEOLOGY

Two-page spreads and integrated Before You Leave This Page lists offer
the following advantages to the student:

« Information is presented in relatively small and coherent chunks
that allow a student to focus on one important aspect or geologic
system at a time.

 Students know when they are done with this particular topic and
can self-assess their understanding with the Before You Leave
This Page list.

o Two-page spreads allow busy students to read or study a
complete topic in a short interval of study time, like during
breaks between classes.

o All test questions and assessment materials are tightly articulated
with the Before You Leave This Page lists so that exams and
quizzes cover precisely the same material that was assigned to
students via the What-to-Know list.

The two-page spread approach also has huge advantages for the instruc-
tor. Before writing this book, the authors wrote the items for the Before
You Leave This Page lists. We then used this list to decide what figures
were needed, what topics would be discussed, and in what order. In
other words, the textbook was written from the learning objectives. The
Before You Leave This Page lists provide a straightforward way for an
instructor to tell students what information is important. Because we
provide the instructor with a master What-to-Know list, an instructor
can selectively assign or eliminate content by providing students with
an edited What-to-Know list. Alternatively, an instructor can give stu-
dents a list of assigned two-page spreads or sections within two-page
spreads. In this way, the instructor can identify content for which stu-
dents are responsible, even if the material is not covered in class.

HOW IS THIS BOOK ORGANIZED?

Two-page spreads are organized into 19 chapters that are arranged into five
major groups: (1) introduction to Earth and the science of geology, (2) earth
materials and the processes that form them, (3) geologic time and tectonic
systems, (4) climate and surface processes, and (5) capstone chapters on
resources and planetary geology. The first three chapters provide an over-
view of geology, the scientific approach to geology, and plate tectonics—a
unifying theme interwoven throughout the rest of the book. The next five
chapters cover earth materials, including minerals (chapter 4), different
families of rocks and structures (chapters 5-8), and the processes that form
or modify rocks. Unlike many geology books, Exploring Geology begins
the discussion of earth materials with an examination of landscapes—
something students can relate to—as a lead-in to rocks, then to minerals,
and finally to atoms, the most abstract topic in geology books. The sedi-
mentary environments chapter includes a brief introduction to weathering,
setting the stage for the discussion of clastic sediments but saving a more
detailed discussion of weathering and soils for the part of the book that
deals with surficial processes. Also, this book integrates the closely related
topics of metamorphism and deformation into a single chapter.

After earth materials, we cover the principles of geologic time, emphasizing
how geologists reconstruct Earth’s history (chapter 9). We then move on to
ocean basins, mountains and basins, and earthquakes (chapters 10—12), all
of which integrate and apply information about rocks, structures, geologic
time, and plate tectonics. These chapters provide important details about
aspects of plate tectonics after students have gained an understanding of

rocks, structures, and geologic time from earlier chapters. We have also
incorporated a small component of historical geology, including evolution
of the continents and ocean basins.

Next, we briefly discuss weather and climate (chapter 13) to provide a
backdrop for subsequent chapters on surface processes and to introduce
timely topics, such as hurricanes and climate change. This chapter also
discusses deserts, drought, and rain forests. Glaciers, coasts, and sea-
level changes are integrated into a single chapter (chapter 14) to pres-
ent a system approach to earth processes and to emphasize the interplay
between glaciations, sea level, and the character of the shoreline. Chapter
15 focuses on weathering, soils, and slope stability; chapter 16 presents
streams and flooding; and chapter 17 covers surface-water and groundwa-
ter resources and groundwater-related problems.

We consider the last two chapters to be capstones, integrating and apply-
ing previous topics to enable students to understand energy and mineral
resources (chapter 18) and planetary geology (chapter 19). These two
chapters give students and instructors an opportunity to see how an under-
standing of rock types, rock-forming processes, geologic structures, geo-
logic time, and the flow of water and other fluids can help us understand
important resources and the surfaces of other planetary bodies. The late
placement of both chapters allows a more comprehensive treatment of
these topics than would be possible if they were incorporated into earlier
chapters.
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SPECIAL TEXT FEATURES

Concept Sketches

Most items on the Before You Leave This Page list are
by design suitable for student construction of concept
sketches. Concept sketches are sketches that are annotated
with complete sentences that identify geologic features,
describe how the features form, characterize the main geo-
logic processes, and summarize geologic histories (John-
son and Reynolds, 2005). An example of a concept sketch
is shown to the right.

Loer
Concept sketches are an excellent way to actively engage 2

students in class and to assess their understanding of geo-
logic features, processes, and history. Concept sketches are
well suited to the visual nature of geology, especially cross
sections, maps, and block diagrams. Geologists are natural
sketchers using field notebooks, blackboards, publications,
and even napkins, because sketches are an important way to
record observations and thoughts, organize knowledge, and
try to visualize geometries of rock bodies and sequences of
events. Our research data show that a student who can draw,
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label, and explain a concept sketch generally has a good
understanding of that concept.

TWO-PAGE SPREADS

Most of the book consists of two-page spreads, each of which is about
one or more closely related topics. Topical spreads convey the geologic
content and help organize knowledge.

How Do We Explore for Groundwater?

Each chapter has at least one two-page spread illustrating how geology
impacts society and another two-page spread that specifically describes
how geoscientists study typical problems.
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The next-to-last two-page spread in each chapter is a Connections
spread, which is designed to help students connect and integrate the
various concepts from the chapter and to show how these concepts can
be applied to an actual location. Connections are about real places that
illustrate the geologic concepts and features covered in the chapter and
explicitly illustrate how a geologic problem is investigated and how geo-
logic problems have relevance to society. The Connections spread also
prepares the student for a following Investigation two-page spread.
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Each chapter ends with an Investigation spread that is an exercise in
which students apply the knowledge, skills, and approaches learned in
the chapter. These exercises mostly involve virtual places that students
explore and investigate to make observations and interpretations and to
answer a series of geologic questions.

‘Who Polluted Surface Water and

Groundwater in This Place?

Investigations are modeled after the types of problems geologists investi-
gate, and they use the same kinds of data and illustrations encountered in
the chapter. The Investigation includes a list of goals for the exercises and
step-by-step instructions, including calculations and methods for construct-
ing maps, graphs, and other figures. These investigations can be completed
by students in class, as worksheet-based homework, or as online activities.

NEW IN THE FIFTH EDITION

The fifth edition of Exploring Geology represents a significant revi-
sion, with every chapter receiving additions and improvements. Some
changes will be obvious, while others are more subtle but nevertheless
substantial. The style, approach, and sequence of chapters is unchanged,
but every chapter received new photographs, many revised figures,
major to minor editing of text blocks and, in some cases, reorganiza-
tion. We revised many text blocks to improve clarity and conciseness,
or to present recent discoveries and events. Most chapters contain the
same number and order of two-page spreads, but one chapter gained a
new two-page spread and another had two spreads completely revised.
Nearly all changes were made in response to comments by reviewers
and students. The most important revisions are listed below:

« This edition features completely different fonts from the previ-
ous edition. The new fonts were chosen partly to improve the
readability on portable electronic devices, while retaining fidel-
ity to a quality printed book. This font replacement resulted in
countless small changes in the layout of individual text blocks on
every two-page spread. In addition to replacing all of the fonts
within the text, all figure labels were replaced with the new font,
a process that required opening, editing, and commonly resiz-
ing every illustration that had text, as in the axes of graphs. In
addition, all labels were incorporated into the actual artwork,
rather than overlaying them on the artwork using the page-layout

program, as was done for many figures in previous editions. This
involved adding labels to hundreds of illustrations, but it has the
benefit of having every label as an integral part of its associated
art file, a useful feature for constructing PowerPoint files.

This edition contains more than 135 new photographs, with a
deliberate intention to represent a wider geographic diversity, to
provide more detail and clarity about a geologic process, rock,
or mineral, and to expand the discussion of specific topics. In
addition, we individually reprocessed nearly all photographs
that were in the first edition, using technology and techniques
that were not available when the first edition was prepared. This
reprocessing involved opening up the original highest-resolution
scans or digital photograph and using modern image-processing
software to correct brightness, contrast, and color balance, and to
remove visual noise. The resulting improvements will be notice-
able for many images in the printed book, but they are more
conspicuous in the digital e-book and especially in the high-
resolution images we provide instructors for use in classrooms.

This edition contains many new and replaced figures and even
more that were lightly revised, such as replacing fonts. Figures
from the fourth edition were replaced with new versions to
update information so that it is more recent, to improve student
understanding of certain complex topics, and for improved
appearance. All fonts were replaced in every figure that has text.

This edition contains a new two-page spread on early changes in
Earth’s history, which features a new section on impact craters
and summarizes changes in the chemistry of the oceans and
atmosphere, such as the Great Oxygenation Event. We also
thoroughly revised the coverage of climate change, more promi-
nently featuring recent climate change at the start of the discus-
sion. This is followed by a new section that discusses the types
of proxies, using a more geologic, photograph-based approach
in place of the previous collection of small graphs of proxies. In
the next spread, which covers factors that could cause climate
change, the role of CO, was moved up front to start the discus-
sion by focusing on factors involved in recent climate change,
followed by those that affect climate on geologic timescales.

Many two-page spreads have been extensively revised with
improved layout, illustrations, and text. In addition to the new or
revised illustrations, we updated text to reflect new ideas or new
data. For example, we updated ages on the geologic timescale,
data on current estimates of water usage, and many other rela-
tively minor data points.

Throughout the book, we added numbers to most text boxes to
direct students to read the text boxes in a specific order. We also
renumbered many figure numbers so that they are in the same
order as the newly numbered text boxes. For all chapter-ending
Investigations, we replaced numbers with letters in the Proce-
dures lists to avoid confusion with newly numbered text boxes.

Every box with the learning objectives was changed from
“Before You Leave This Page Be Able To” to simply “Before
You Leave This Page”. This is more concise, and opened up
room on nearly every two-page spread.
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CHAPTER 1 received a light revision, featuring four new photographs
and the reprocessing of most existing photographs. It also has one
revised illustration that now incorporates an actual photograph of Pluto.

CHAPTER 2 also received a light revision, with three new photo-
graphs. The section on ecosystems was extensively edited and the geo-
logic timescale and accompanying text were updated to reflect recent
changes in the age of boundaries between periods.

CHAPTER 3 remains mostly unchanged, but every illustration with
text was edited to replace the fonts and labels are now part of the art
file, as occurred in every chapter. Most photographs were reprocessed.

CHAPTER 4 was revised heavily for the fourth edition, but less so
for this edition. It features eight new photographs and noticeable color
corrections to several others. Several sections received significant edits.

CHAPTER 5 has 13 new photographs, representing more diverse loca-
tions, including Joshua Tree National Park. Several other photographs
are notably improved due to reprocessing. We also reorganized and rear-
ranged the section on volcanic necks so that students examine the con-
ceptual model before the photograph of an actual example.

CHAPTER 6 has three new photographs, as well as two revised photo-
graphs of Augustine pyroclastic eruptions to better convey the vertical
extent of the eruption. In addition to font changes, the chapter has two
rebuilt illustrations.

CHAPTER 7 includes 26 new photographs of sedimentary environ-
ment and rocks, accompanied by revised text. The photographs are
mostly from Florida, Texas, and New Mexico. Several sections were
reorganized to take advantage of the new and improved photographs.

CHAPTER 8 contains 10 new photographs of structures, metamorphic
rocks, and students studying structure. Two of these are from the Francis-
can Complex of California and are accompanied by a brief introduction
to melange. The discussion of strike and dip was expanded to help stu-
dents understand that water is not necessary for a strike and dip. Several
sections were reordered and heavily edited around the new photographs.

CHAPTER 9 features a new two-page spread on early events in Earth’s
history, including the formation of impact craters, and on changes in the
atmosphere and oceans over time. It has four new photographs and four
new illustrations, mostly associated with the new two-page spread. Text
was revised in a number of places, mostly near new photographs. The
geologic timescale is updated for ages between certain time periods.

CHAPTERS 10, 11, and 12 received minor revisions, including a few
new photographs and noticeable changes to four illustrations. We added
brief mentions of eroded fault scarps and the East California Shear Zone.

CHAPTER 13 has major revisions to the first two spreads on climate
change. All figures were revised to reflect updated global tempera-
tures, and recent climate change was consolidated at the start of the
discussion. Graphs of proxies were replaced with photographs to pro-
vide a more geologic approach. There are also three new desert-related
photographs.
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CHAPTER 14 was renamed, using coasts instead of shorelines, and
text and headings were changed throughout to reflect this change. There
are also 19 new photographs, mostly from Florida and Alaska.

CHAPTER 15 has 21 new photographs about karst, caves, slopes, and
problem soils. The new photographs are mostly from Florida, Texas, the
Slumgullion Landslide, and Carlsbad Caverns National Park.

CHAPTERS 16 and 17 had minor revisions with 11 new photo-
graphs, but all the graphs and maps were revised for new fonts and other
improvements, such as arrow colors on groundwater flow. In chapter
16, we replaced “rivers” with the more general term “streams” where
appropriate, and modified sections of how streams respond to changing
conditions and causes of flooding to include ice dams. We redid the
Colorado River tributary map.

CHAPTER 18 contains seven new photographs and several repro-
cessed photographs, two of which were greatly improved. We rewrote
the section on environmental issues associated with mining, which fea-
tures one of the new photographs.

CHAPTER 19 had moderate revisions, with the addition of four new
images, depicting more recent images of Pluto, nebula, and a comet. We
added or refined the discussions of Pluto, Ceres, comets, the age of the
solar system, and the number of moons of Jupiter, each reflecting cur-
rent information.

FRONT AND BACK MATTER, including the Preface, Glossary, and
Index, were revised and updated to reflect the revised table of contents
and changes in page numbers due to reorganizations.
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CHAPTER

1 The Nature of Geology

GEOLOGY HAS MANY EXPRESSIONS in our world. Geologic processes reshape Earth’s interior and sculpt its
surface. They determine the distribution of metals and petroleum, and they control which places are most susceptible
to volcanoes, floods, and other natural disasters. Geology is the study of ancient seas, rivers, and other environments,
the organisms that inhabited such environments, and the formation and destruction of mountain ranges and other land-
forms. Geology encompasses factors, such as climate and the availability of water, that are critical to ecosystems. In
this book, we explore geology, the science of Earth, and examine why an understanding of geology is important in
our modern world.

North America and the surrounding ocean floor have a wealth of interesting features. The large image below (¥) is computer-generated and
combines different types of data to show features on the land and seafloor. The shading and colors on land are from space-based satellite
images, whereas colors and shading on the seafloor indicate depths below the surface of the sea. Can you find the region where you live?
What types of features are there?

01.00.a2 Glacier NP, MT

<« The dramatic scenery of Glacier National Park in Montana features

cliffs and rugged mountains that expose a series of intricate gray rock

layers. The beautiful valleys preserve evidence of being carved

by glaciers during the most recent ice age, approximately

10,000 to 30,000 years ago. ; 0100

What processes sculpt the land surface and
produce such beautiful scenery? What
evidence is there for past climate

changes, including those that

allowed glaciers to cover

large parts of North

America?

The 1980 eruption of Mount St. Helens in southwestefTi

Washington (v) ejected huge amounts of volcanic ash

into the air, toppled millions of trees, unleashed fl Gk

and mudflows down nearby valleys, and killed Glacic ;
) ! o Glacier

57 people. Geologists study volcanic phenomena to 2 LrileiblL
! i 7 A ; S National
determine how and when volcanoes erupt and what by 2 e

: : 4 7St Park

hazards volcanoes pose to humans and o RN \

i

How do geologic studies help us det
safe to live?

01.00.a3 Mount St. Helens, WA
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Rocks of New England and easternmost Canada record a fascinating
history, which includes an ancient ocean that was destroyed by the colli-
sion of two landmasses. Many of these rocks, such as those in Nova
Scotia, have contorted layers (v), and some rocks provide evidence of
having been formed at a depth of 30 km below the surface.

How do layers in rocks get squeezed and deformed, and how do rocks
from deep in the earth get to the surface where we now find them?

01.00.a4 Nova Scotia, Canada
: - - S e

o -

Everglades
Natlonal !

A View of North America

orth America is a diverse continent, ranging from the low, trop-

ical rain forests of Mexico to the high Rocky Mountains of

western Canada. In the large image of North America on the
left, the colors on land are from satellite images that show the distribu-
tion of rock, soil, plants, and lakes. Green colors represent dense veg-
etation, including forests shown in darker green and fields and grassy
plains shown in lighter green. Brown colors represent deserts and other
regions that have less vegetation, including regions where rock and
sand are present. Lakes are shown with a solid blue color. Note that
there are no clouds or ocean waters in this artificial picture.

The color of the ocean floor varies with depth below sea level. Light
blue colors represent shallow areas, whereas dark blue represents places
where the seafloor is deep. Observe the larger features in this image,
both on land and at sea. Ask yourself the following questions: What is
this feature? Why is it located here? How did it form? In short, what is
its story?

Notice that the two sides of North America are very different from
each other and from the middle of the continent. The western part of
North America appears more complex because it has many mountains
and valleys. The mountains in the eastern United States are more sub-
dued, and the East Coast is surrounded by a broad shelf (shown in a
light blue-gray) that continues out beneath the Atlantic Ocean. The cen-
ter of the continent has no large mountains but has broad plains, hills,
river valleys, and large lakes.

All of the features on this image of Earth are part of geology. The

geologic history of North America explains why the mountains on
the two sides of the continent are so different and when and how
the mountains formed. Geology explains how features on the
seafloor came to be, and why the central United States and
Canada are the agricultural heartland of the continent, whereas
some other areas are deserts. The high standard of living of
people in the United States and Canada is largely due to an
abundance of natural resources, especially water, coal,
petroleum, minerals, and fertile soils. Such resources are
the result of Earth’s geologic history. In short, geology
controls the height and shape of the land and seafloor,
the types of materials that are present, and the processes
that affect the land, sea, and us. As shown throughout
this book, geology affects many aspects of society.

01.00.a5 Everglades NP, FL




How Does Geology Influence
Where and How We Live?

GEOLOGY INFLUENCES OUR LIVES IN MANY WAYS. Geologic features and processes constrain where people
can live because they determine whether a site is safe from landslides, floods, or other natural hazards. Some areas
are suitable building sites, but other areas are underlain by unstable geologic materials that could cause damage to any
structure built there. Geology also controls the distribution of energy resources and the materials required to build
houses, cars, and factories. Finally, geologic processes shape the surface of the planet and produce a wonderful diver-
sity of landscapes, including beautiful scenery.

Where Is It Safe to Live?

The landscape around us contains many clues about whether a place is relatively safe or whether it is a natural disaster
waiting to happen. What important clues should guide our choice of a safe place to live?

1. Volcanoes erupt molten lava, columns of hot volcanic ash,
and very dangerous, fast-moving clouds of ash, rocks, and
volcanic gas. Volcanoes are notorious for unleashing
destructive mudflows, but they can also provide valuable
nutrients and excellent soils for growing crops. Inhabitants
of a volcanic area must decide whether the good soils are
worth the risks.

3. The location, height, and
- shape of mountains and val-
leys are a result of geologic
processes. Geologic factors,
especially the steepness of
hillsides and the strength of
underlying materials, determine
where it is stable enough to
build. Some soils can creep
slowly downhill over time,
destroying any structure built
on them.

b3

2. If hillslopes are too steep or are made of very
weak materials, they can collapse catastrophically as
landslides that destroy everything in their path.

01.01.a1

6. Slip along
faults in Earth’s
crust causes earth-
quakes, which can
destroy poorly constructed
buildings and kill thousands of
people. Such movement can offset
the land surface, in this case raising
the mountains relative to the valley.

4. Areas along rivers are desirable
sites for cities because rivers pro-
vide water, transportation, and even

5. The types of soils that form on Earth’s surface depend on
the local rocks, the steepness of slope, the climate, and other
energy. Rivers replenish the nutrients factors. Soils near rivers commonly are fertile and are capable
in fertile floodplains, but they also [ of growing important crops. Other soils are dangerous to build
pose a hazard for buildings located on because they become weak when shaken by an earth-
too close to the river or in low areas quake or else they expand when wet, cracking foundations
that are likely to be flooded. and making structures unsafe.
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B How Does Geology Influence Our Lives?

To explore how geology affects our lives, observe this photograph, which shows a number of different features, including
clouds, snowy mountains, slopes, and a grassy field with horses and cows (the small, dark spots). For each feature you
recognize, think about what is there and what processes might be occurring. Then, think about how geology influences
the life of the animals and how it would influence your life if this was your home. Think about this before reading on.

In the distance are snow-covered
mountains partially covered with
clouds. Snow and clouds both
indicate the presence of water,
an essential ingredient for life.
The mountains have a major
influence on water in this scene.
As the snow melts, water flows
downhill toward the lowlands, to
the horses and cows.

The horses and cows roam on a
flat, grassy pasture and avoid
slopes that are steep or barren
of vegetation. The steepness of
slopes reflects the strength of
the rocks and soils, and the flat
pasture resulted from loose
sand and other materials that
were laid down during flooding
along a desert stream. Where is
the likely source of the water
needed to grow grass in

the pasture?

01.01.b1 Henry Mtns., UT

What Controls the Distribution of Natural Resources?

This map of North America shows the locations of large currently or recently active copper mines (orange dots) and iron
mines (blue dots). What do you notice about the distribution of each type of mine?

2. Large jron mines are common in the Great Lakes
region and in eastern Canada, within an area called the
Canadian Shield (inside the red line). Most rocks in this
region are older than one billion years, and the iron-rich
rocks formed at a time in Earth’s history when oxygen
became more abundant in the atmosphere, causing iron
dissolved in the seas to precipitate into vast iron-rich lay-
ers. Rocks of this early age are less common out west, so
this type of iron deposit is less common, too.

1. Large copper
mines are
restricted to the
mountainous
western part of
the continent
(west of the pur-
ple line). Magma
(molten rock)
invaded this part of
the continent
between 160 and
35 million years
ago and formed

3. The age of rocks and how the rocks formed are two of
many geologic factors that control where mineral resources
occur. Resources often are not located where humans would
prefer them to

the copper depos- be for logistical, Before You Leave This Page
its. As described political, or

later in this book environmental

e s peok reasons. Sketch or list some ways that geology

these magmas formed
only along the western
side of the continent, so’
the copper deposits are
here, too.

controls where it is safe to live.

Explain how geology influences the
distribution of natural resources.

01.01.c1




How Does Geology Help Explain Our World?

THE WORLD HAS INTERESTING FEATURES at all scales. Views from space show oceans, continents, and moun-
tain belts. Traveling through the countryside, we notice smaller things—a beautiful rock formation or soft, green hills.
Upon closer inspection, the rocks may include fossils that provide evidence of ancient life and past climates. Here, we
give examples of how geology explains big and small features of our world.

How Do Continents Differ from Ocean Basins?

Examine this computer-generated view (¥) of the continent of Australia and the surrounding ocean basins. Colors on land
show vegetation, rocks, soil, and sand, whereas colors in the oceans indicate depth, with darker blue being the deepest seafloor.
Note the main features, especially those on the seafloor.

1. This map illustrates one of the most impor- 4. The seafloor beneath deep parts of the ocean is
tant distinctions on Earth — our planet is locally complex, containing chains of submarine moun-
divided into continents and oceans. y tains east of Australia and long features that look like
large scratch marks south of the continent. The deep
parts of the seafloor in this region are much rougher
than the smooth-appearing continental shelf.

2. The boundary between the blue
colors of the oceans and the
greens and browns of the land is
the shoreline, which outlines the
familiar shape of Australia as seen
on world maps.

5. The distinction between continents and oceans is
a reflection of differences in their geology. Conti-
nents and oceans differ in the types and thick-
nesses of the rocks they contain and, as we will
learn later, form in very different ways. Within the
oceans are major variations in the depth and
character of the seafloor from place to place.
The land also varies in elevation and character,
such as higher, vegetation-covered mountains
in eastern Australia than in the rest of the con-
tinent. Each region, whether on land or
beneath the ocean, has its own geologic his-
tory, and the landscape and rocks contain
clues as to the geologic events that affected
each place.

3. Surrounding the land is a fringe
of seafloor that is not very deep,
represented on this map by light
blue colors. This fringe of shallow
seafloor, called the continental
shelf, is wider on the north side
of the continent than on the
other three sides. Geologists
consider the continent to con-
tinue past the shoreline and to
the outer edge of the conti-

nental shelf.
01.02.a1

B What Stories Do Landscapes Tell?

Observe this photograph of a canyon wall and think of at least two questions about what you see. Go ahead, try it!

1. The landscape has cliffs and slopes 2. In the bottom half of the image, 3. Several questions about the landscape come to mind. What

composed of rock units that are some large, angular blocks of types of rocks are exposed here? How did the large, brownish

shades of tan, brown, and yellow. brownish rock are perched near blocks get to their present position? How long will it take for the
the edge of a lower cliff. blocks to fall or slide off the lower cliff?

01.02.b1 Superstition Mtns., AZ

4. The answer to each question helps explain part of the scene.
The first question is about the present, the second is about the
past, and the third is about the future. The easiest questions to
answer are usually about the present, and the hardest ones are
about the past or the future.

5. All of the rocks in this view are volcanic rocks, typical of those
formed during a very explosive type of volcanic eruption.

6. The large blocks are composed of the same material as the
upper brown cliff and were part of that cliff before falling or slid-
ing downhill onto the slope below.

7. It is difficult to predict when the blocks will fall off the lower
cliff. Some blocks near the edge could fall in the next rainstorm,
but others will probably be there for millions of years.
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How Has the Global Climate Changed Since the Ice Ages?

These computer-generated images show where glaciers and large ice sheets were during the last ice age and where they are
today. Note how the extent of these features changed in this relatively short period of time. What caused this change, and

what might happen in the future because of global warming or cooling?

28,000 Years Ago

Twenty-eight thousand
years ago, Earth’s
climate was slightly
cooler than it is
today. Cool
climates permitted
continental ice
sheets to extend
across most of
Canada and into
the upper Midwest
of the United
States. Ice sheets
also covered parts
of northern Asia

and Europe.

01.02.c1 0102.c2 %

Today

Since 20,000 years ago,
Earth’s climate warmed
enough to melt back
the ice sheets to
where they are
today. Our knowl-
edge of the past
extent of ice sheets
‘| comes from geolo-
gists who examine
the landscape for
appropriate clues,
including glacial fea-
tures and deposits that
remained after the gla-
ciers retreated.

\

EUROPE ' |

m What Is the Evidence That Life in the Past Was Different from Life Today?

Museums and action movies contain scenes, like the one below, of dinosaurs lumbering or scampering across
a land covered by exotic plants. Where does the evidence for these strange creatures come from?

» 1. This mural, painted by artist
Karen Carr, is two stories tall and
shows what types of life are inter-
preted to have been on Earth
during the Jurassic Period,
approximately 160 million years
ago. Dinosaurs roamed the land-
scape, while the ancestors of
birds began to take flight. Flower-
ing plants were not yet abundant
and grasses had not yet
appeared, so non-flowering trees,
bushes, and ground cover domi-
nated the landscape.

01.02.d2 Dinosaur NP, UT

« 2. Fossil bones of Jurassic dinosaurs are
common in Dinosaur National Park, Utah.
From such bones and other information,
geologists infer how long ago these crea-
tures roamed the planet, what the creatures
looked like, how big they were, how they
lived, and why they died. Studying the rocks
that enclose the bones provides clues to the
local and global environments at the time of
the dinosaurs. Rocks and fossils are the
record of past geologic events, environ-
ments, and prehistoric creatures.

01.02.d1

Before You Leave This Page

Explain the difference in appearance
between continents and oceans.

Describe some things we can learn
about Earth’s past by observing its
landscapes, rocks, and fossils.
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=8 What Is Inside Earth?

HAVE YOU EVER WONDERED WHAT IS INSIDE EARTH? We can directly observe the uppermost parts of Earth,
but what else is down there? Earth consists of concentric layers that have different compositions. The outermost layer
is the crust, which includes continental crust and oceanic crust. Beneath the crust is the mantle, Earth’s most voluminous
layer. The molten outer core and the solid inner core are at Earth’s center.

How Does Earth Change with Depth?

01.03.02 Polished slab

01.03.a1

1. Continental crust has an average compo-
sition similar to this granite, a piece of a
kitchen countertop («). Continental crust,
the thin, light-gray layer on the figure to
the right, averages 35 to 40 km

(20—25 mi) in thickness. Recall

that one mile is equivalent to

1.6 kilometers.

Continental Crust e !

Mantle

2. Oceanic crust exists beneath the deep oceans and
has an average composition that is the same as basalt,
a common dark lava rock (v). Oceanic crust has an
average thickness of about 7 km (4 mi), which .

is much thinner than can be shown here (the \ Upper

barely visible dark-gray layer). £, o - ? Mantle

01.03.a3 Grants, NM

Lower
Mantle

3. The mantle extends from the base of the crust down 2,900 km (1,800 mi).
Much of the upper mantle is composed of the green mineral olivine, like
the center (v) of this rock brought to the surface in a volcano.

4. The lower mantle has a composition similar to the upper

1.03.04 Durango, Mexico mantle, but it contains minerals formed at very high pressures.
Nearly all of the mantle is solid, not molten. High tempera-
tures cause some parts to be partially molten, while other
parts flow because they are weak solids.

5. Based on studies of earthquakes,

observations of meteorites, and models for the

density of Earth, geoscientists|interpret the core to
consist of metallic iron and nickel, like that observed in
iron-nickel meteorites («4). The outer core is molten,
but the inner core is solid.

01.03.a5
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B Are Some Layers Stronger Than Others?

In addition to layers with different compositions, Earth has layers that are defined by strength and by how easily
the material in the layers fractures or flows when subjected to forces.

The uppermost part of the mantle is relatively strong and solidly attached to the
overlying crust. The crust and uppermost mantle together form an upper, rigid layer
called the lithosphere (lithos means “stone” in Greek). The part of the uppermost
mantle that is in the lithosphere is the lithospheric mantle.
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|
|

Continental Crust

Oceanic Crust

Lithosphere

The mantle directly beneath the lithosphere is mostly solid, but it is hotter than the rock Lithosphicricivante

above and can flow under pressure. This part of the mantle, called the asthenosphere,
functions as a soft, weak zone over which the lithosphere may move. The word
asthenosphere is from a Greek term for “not strong.” The asthenosphere is approxi-
mately 80 to 150 km thick, so its base can be as deep as about 250 km.

Asthenosphere
01.03.61

Why Do Some Regions Have High Elevations?

Why is the Gulf Coast of Texas near sea level, while the Colorado mountains are 3 to 5 km (2 to 3 mi) above
sea level? Why are the continents mostly above sea level, but the ocean floor is below sea level? The primary factor
controlling the elevation of a region is the thickness of the underlying crust.

1. The granitic
crust is less
dense than the
underlying mantle,
and so rests, or
floats, on top of
the mantle. The
underlying litho-
spheric mantle
is mostly solid,
not liquid.

01.03.c1

Density and Isostasy

The relationship between regional eleva-
tion and crustal thickness is similar to
that of wooden blocks of different
thicknesses floating in water (v). Wood floats
on water because it is less dense than water.
Ice floats on water because it is less dense than
water, although ice and water have the same
composition. Thicker blocks of wood, like
thicker parts of the crust, rise to higher eleva-
tions than do thinner blocks of wood.

For Earth, we envision the crust being sup-
ported by mantle that is solid, unlike the liquid
water used in the
wooden-block
example. This
concept of differ-
ent thicknesses of
crust riding on
the mantle is
called isostasy.
Isostasy explains most of the variations in ele-
vation from one region to another, and it is

Continental Crust

2. The thickness of continental crust ranges from less than 25 km (16
mi) to more than 60 km (37 mi). Regions that have high elevation

generally have thick crust. The crust beneath the Rocky Mountains of
Colorado is commonly more than 45 km (28 mi) thick.

Oceanic Crust

Lithospheric Mantle

commonly paraphrased by saying mountain
belts have thick crustal roots. As in the case of
the floating wooden blocks, most of the change
in crustal thickness occurs at depth and less
occurs near the surface. Smaller, individual
mountains do not necessarily have thick crustal
roots. They can be supported by the strength of
the crust, like a small lump of clay riding on
one of the wooden blocks.

The density of the rocks also influences
regional elevations. The fourth block shown
here has the same thickness as the third block,
but it consists of a
denser type of
wood. It therefore
floats lower in the
water. Likewise, a
region of Earth
underlain by espe-
cially dense crust
or mantle is lower in elevation than a region
with less dense crust or mantle, even if the two
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3. The crust beneath low-elevation regions like
Texas is thinner. If the crust is thinner than 30 to
35 km (18 to 20 mi), the area will probably be
below sea level, but it can still be part of the
continent, like on a continental shelf.

4. Most islands are volcanic mountains built on
oceanic crust, but some are small pieces of
continental crust.

5. Oceanic crust is thinner than continental crust
and consists of denser rock than continental crust.
As a result, regions underlain only by oceanic
crust are well below sea level.

regions have similar thicknesses of crust. Tem-
perature also controls the thickness of the lith-
osphere, which also affects a region’s elevation.
If the lithosphere in some region is heated, it
expands, becoming less dense, and so the
region rises in elevation. Thinner lithosphere
also yields higher elevations.

Before You Leave This Page

Sketch the major layers of Earth.

Sketch and describe differences in
thickness and composition between
continental crust and oceanic crust,
and contrast lithosphere and
asthenosphere.

Sketch and discuss how the principle
of isostasy can explain differences in
regional elevation.






